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Abstract 
This work closes a knowledge gap, which hindered the exploration of the relationships between complexity and quality in full. Recent decades 
are characterized by rapid technological progress, which has been followed by elevated product complexity. Many repercussions of this 
growing complexity have already been considered, but the work has not yet been completed and this study adds a significant contribution. 
While not the sole, the most straight-forward expression of product's complexity level is the number of components, which are assembled to 
make this product – the more components, the higher the complexity.  
In serial manufacturing processes, each item moves individually, but items are joined together, serially or in parallel, in assemblies. There, 
mutual effects exist – a single defective component suffices to disqualify a whole assembled unit! Surprisingly, few studies have considered the 
effects of defective items on the production process. Particularly, there appears to be no study that quantifies these mutual effects among 
components which arrive from different sources with different defect rates. Thus, this study appears to be a first attempt to analyze and quantify 
these effects.  Evidently, the mutual effects among their components amplify assemblies' defect rates dramatically, to the extent that defects due 
to common or random causes become significant.  This hypothesis is supported by both the result of this study and field data from the industry.    
This is a price of advanced products – increased complexity which sets hurdles on the preservation of quality; a price that should be considered 
in the course of product design.  However, the present analysis reveals that setting quality assurance activities just prior to assembly operations 
reduces the mutual effects among components.  Consequently, process design can be used to overcome undesirable repercussions of increased 
product complexity, thereby increase the yield of the production process. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Recent decades faced rapid increase in product complexity 
due to, even faster technological progress. While not the sole, 
the most straightforward expression of products' complexity 
level is the number of components, which are assembled to 
make this product – the more components the higher the 
complexity. Some repercussions of this factor are studied here.  
The subject of this study is the effects of the existence of 
defective items on assemblies. No process is perfect and the 
existence of defective items is unavoidable. A defective item 
is an item that as produced cannot be used as intended to 
because it does not conform to specifications. A product or 
subassembly is conforming only if all its components are 
conforming. This requirement creates dependencies and 
mutual effects among components – a single defective 
component suffices to disqualify a whole assembled unit. 
Consequently, the efficiency of the process deteriorates as its 
yield decrease, dramatically. Furthermore, if the existence of 
defect(s) is detected at late stages, it might be impossible or 
very hard and extremely expensive to disassemble the 
defective unit and use the conforming components elsewhere. 
Therefore, the distribution of quality assurance (QA) activities 
in the production process is a central issue in process design.  
This study aims to quantify the mutual effects of defective 
components in assemblies and develop strategies to reduce 
them. The methods and tools used for the analyses are quite 
simple and straightforward and yet produce results with 
significant implications. Thus, it is rather surprising to find no 
previous similar study. Further, in a recent survey, Hu, Ko, 
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Weyand, ElMaraghy, Lien, Koren, Bley, Chryssolouris, Nasr, 
and Shpitalni [1] have noted that "very limited work exists in 
analyzing assembly system quality when multiple products are 
produced in the same system." The methods used herein are 
readily applicable to multi-product environment.  
1.1. Assumptions and nomenclature 
Often there are several components of the same type in a 
product; e.g., 4 wheels in a car, 2 processors in a computer, 
etc. Let k denotes the type of the component, mk denote the 
number of components type k in an assembly – the assembly 
coefficient of components type k, and dk denotes the average 
defect rate and Yk=(1-dk) the average yield of that components 
type. Since their manufacturing processes are different, it is 
reasonable to approximate reality by assuming independence 
among component types. Also, a classical distinction in 
quality theory is between common or random causes for 
defects and quality deterioration due to assignable causes; 
e.g., [2], [3]. Here, the first defect type – due to random 
causes is considered. This makes independence between items 
of the same type a reasonable approximation, too. (A study of 
quality deterioration due to assignable causes can be found in 
e.g., [4].) Finally, in repetitive production, long term averages 
are proper performance measures to use, rather than first time 
quality as in [5].  
Nomenclature 
dk         average defect rate of component type k
K         number of component types in an assembly 
mk        assembly coefficient of components type k  
Yk        average yield – average number of conforming units  
of component type k  
Yak       actual average yield of component type k 
2. Mutual effects and actual yield 
Consider, first, a single item, which is manufactured in 
isolation and whose defect rate is d. Then, on average, only 
(1-d)Q =YQ unit are conforming, out of Q units that are 
processed. In practice however, target sales are aimed at. 
Hence, the number of units that should be processed, in order 
for Q units to come out conforming, is required and is given 
by the inverse calculation: Q/Y. 
Next, consider an assembly and its direct components, 
which may include sub-assemblies. Each component has its 
own defect rate dk and yield Yk. That is, some units of each 
component may arrive defective. In addition, defects may be 
created during the assembly itself; e.g. [6]. Accordingly, the 
actual yield of an assembly is given by Eq. (1) and for this 
matter, the type of assembly - serial or parallel is irrelevant: 
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Consider, for example, a product which consists of three 
component types, K = 3: m1 = 4, m2 = 2, m3 = 1, d1 = d2 = d3 = 
1%, and the defect rate of the assembly operation is 0.1%. 
The actual yield of this assembly is just about 93%, which 
implies that if no QA activity is taken, 1,074 units should be 
assembled to yield an average of 1,000 conforming units. This 
requires 4,296 units of the first component, 2,148 units of the 
second component and 1,074 of the third. However, with 
defect rates of 1%, only 42.96 units of component 1 are 
defective, on average. The other extra 253 units will be 
assembled with defective units of other component, or the 
assembly will fail. Similarly, only 21.48 of component 2 and 
10.74 units of component 3 are defective, on average. These 
are the mutual effects among the components.     
Moreover, products are seldom assembled in one step. 
More often, the assembly is performed in a hierarchical 
manner; e.g., [6], again – first, elementary components are 
assembled into sub-assemblies, then these subassemblies are 
joined together and other component are added and so on. 
This complicates the mutual effects and the calculations of 
actual yield. To assist, the product's hierarchy can be 
portrayed graphically by the, so called product structure, as in 
Figure 1. Notice the difference between Figure 1, which 
describes a product, and the study in [7] where manufacturing 
systems are considered. Consequently, each box in Figure 1 
represents a component, while boxes represent a work stations 
in [7].  The component's number appears next to the # sign 
and its assembly coefficient appears next to the 'x' below.  For 
convenience, component numbers follow the hierarchy – the 
first digit in the number is the hierarchy level. The process 
proceeds as directed – from bottom to top, where item #0 is 
the 'end' product.     
Fig. 1. A product structure. 
To clarify, a unit of item #31 and a unit of item #32 are 
assembled to form a unit of item #25. Two units of this item 
are assembled with a unit of item #26 to form item #15, etc. 
This implies that there are 4 units of components #31 and of 
component #32 in each subassembly #2 and 12 units of each 
of these components (#31, #32) in a unit of the end product.   
Product structures are heavily used for material 
requirement planning (MRP; e.g., [8]). A target quantity is set 
for each end product in the master production plan, from 
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which required quantities of the components are derived by 
traversing the product structures backward – opposite to the 
arrow's directions, from top to bottom. To illustrate, 2 unit of 
component #1 are assembled in each unit of the end item. 
Each component #1 requires 1 unit of #11, 2 units of #12 and 
3 unit of # 13. Hence, in each end item there are 2, 4 and 6 
units of component #11, #12 and #13, respectively. Similar 
calculations reveal that 12 units of each of the components: 
#25, #31 and #32 are contained in each unit of the end item. 
Three remarks should be noted here. First, generally, 
components of the same type may appear more than once in 
the same product structure, but here different types are 
assumed for clarity and simplicity. Second, manufacturing 
processes usually include additional operations/activities 
between assembly operations. These, too are omitted here but 
can be considered as assemblies with a single component – 
K=1.  Third, the present analysis precedes the configuration of 
the manufacturing system; e.g., [7], [10], and constitutes the 
first step in the determination of the required numbers of work 
stations to be configured in the configuration phase.  
Since the actual yield of an assembly depends on the yields 
of its components, the actual yield figures of products like the 
one in Figure 1 (most products), are calculated by repeated 
applications of Eq. (1) from bottom to top. Then, the required 
numbers of units of each item, which need be processed – the 
processing requirements, are calculated backward from top to 
bottom, as in MRP. To illustrate, suppose the defect rate of 
each component in Figure 1 is 0.5%. Then, the actual yield of 
item #25 is 0.985 = 0.9950.9950.995 – the yield of both #31 
and #32, its components, times its own yield. The assembly 
coefficient of #25 is 2, hence the square of its yield times the 
yield of item #26 and of item #15 is the actual yield of the 
latter (#15): 0.98520.9950.995 = 0.96. These calculations 
should be executed from level to level to avoid missing 
values. Finally, the actual yield of the end item is 65.3%!  
The implication of this result is that, on average more than 
1,500 units should be assembled in order to produce 1,000 
conforming units (1531|1000/.653), and the required 
components' quantities are inflated by the same ratio. This 
example demonstrates the magnitude of the mutual effects 
among the components. A, rather, small product with small 
defect rates, and yet, they accumulate in a destructive manner. 
The capacity required to process these extra units, which end 
up defective, is a dominant part of the hidden plant [9].     
The example of Figure 1 can also serve to study the use of 
QA efforts. QA is carried out through activities: inspection 
and cleaning of defective items, which are not shown in 
product structures. By removing defective items, cleaning 
activities change – reduce the defect rates of each cleaned 
item.  As a baseline consider the extreme and unrealistic case 
where complete and perfect cleaning of each defective 
component is performed prior to each assembly. It requires 
the inspection of each unit of each component – complete, and 
perfect – missing no defective unit.  It is unrealistic because 
no perfect inspection exists. However, when the defective 
components are all cleaned prior to an assembly, this 
assembly faces a zero defect rate; i.e., yield of 1 of its 
component: Yk =1, for all k in Eq. (1), and only the defect rate 
of the assembly itself remains. Thus, the assumption of 
perfect inspections is very powerful in demonstrating the 
potential of QA and, hence, will be used in the sequel. The 
extreme case where this is done prior to any assembly is an 
exception in terms of calculations, too. It is the only case 
where only a backward traversal of the product structure (Fig. 
1) is required – the number of unit required from a component 
is the number of units required from it immediate successor 
times its assembly coefficient divided by its own yield.      
The discussion above is summarized in Table 1 which 
shows the processing requirement of each component under 
three conditions: perfect process: dk = 0 for all k, no cleaning 
as discussed first, and perfect (and complete) cleaning as 
discussed last. (The order of the last two cases is switched to 
facilitate the comparison between the cases.)   
Table 1.  Processing requirements of the extreme cases. 
Component number  Perfect process Perfect Cleaning No Cleaning 
0 1000 1005.025 1531.222 
1 2000 2020.151 3062.444 
2 3000 3030.227 4593.666 
11 2000 2030.303 3062.444 
12 4000 4060.605 6124.888 
13 6000 6090.908 9187.331 
14 3000 3045.454 4593.666 
15 6000 6090.908 9187.331 
21 2000 2040.505 3062.444 
22 2000 2040.505 3062.444 
23 6000 6121.515 9187.331 
24 6000 6121.515 9187.331 
25 12000 12243.03 18374.66 
26 6000 6121.515 9187.331 
31 12000 12304.55 18374.66 
32 12000 12304.55 18374.66 
3. Distributed QA 
Inspection and removal of defective items consume time 
and money. Consequently, cleaning prior the each assembly is 
not necessarily the best choice. There are many ways to 
distribute the QA activities. To illustrate, the example product 
of Figure 1 consists of 15 components, each can be either 
cleaned or not – 215 optional ways. (Actually may be more, 
since more activities are involved in the production process.) 
As it turns out, however, studying few instances suffices to 
gain insight and draw conclusions. Four cases are considered 
here – QA between successive levels. In the first case only the 
components of the 4th level, #31 and #32 are cleaned; in the 
second case the six components of the 3rd level are cleaned; 
then, the five components of the 2nd level and finally the 
cleaning takes place just before the final assembly. The results 
in terms of processing requirements are listed in Table 2 and 
can be compared with each other and with Table 1. 
Let us start with the first case: cleaning only components 
#31 and #32. This early QA effort, before wasting money on 
the processing of defective units, increases the yield by almost 
13%: from 65.3% to 73.7%, and reduces processing 
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requirements by 11.3%. The last case also involves the 
cleaning of just two components: #1 and #2. Its impact on 
processing requirements is much larger, but the economic 
outcome may be smaller because waste has already occurred 
and additional cost may incurred in trying to rework or repair 
some of the defects.   
Next, compare the columns of Table 2 – the cases. 
Cleaning after the fourth level or after the 3rd level is less 
efficient than the other two cases, in terms of processing 
requirements – the requirements of all items are larger. 
Between the other two cases – level 2 and level 1 there is 
inconsistency – the requirements of the components in the 
high levels continue to decrease while those of the 
components in lower levels increase. The size – number of 
components, is the reason for this phenomenon. 
Subassemblies #1 and #2 are large enough for the mutual 
effects among their components to accumulate.  
Table 2.  Processing requirements under partial cleaning. 
Component number  Level 4 Level 3 Level 2 Level 1 
0 1357.663 1144.924 1030.532 1005.025 
1 2715.327 2289.849 2061.064 2167.009 
2 4072.99 3434.773 3091.596 3299.763 
11 2715.327 2289.849 2092.292 2167.009 
12 5430.653 4579.698 4142.843 4334.018 
13 8145.98 6869.547 6276.876 6501.027 
14 4072.99 3434.773 3107.132 3299.763 
15 8145.98 6869.547 6436.179 6599.526 
21 2715.327 2301.356 2092.292 2167.009 
22 2715.327 2301.356 2092.292 2167.009 
23 8145.98 6904.067 6276.876 6501.027 
24 8145.98 6904.067 6276.876 6501.027 
25 16291.96 13947.26 12872.36 13199.05 
26 8145.98 6904.067 6436.179 6599.526 
31 16373.83 13947.26 12872.36 13199.05 
32 16373.83 13947.26 12872.36 13199.05 
A more detailed analysis of this comparison provides an 
opportunity to further demonstrate the use of Eq. (1), and the 
generality of its applicability. Item #14 and subassembly #15 
are the direct components of subassembly #2. When cleaning 
is performed after level 2, both, components #14 and 
subassemblies #15 are cleaned. Hence, the actual defect rate 
of subassembly #2 is its own defect rate, 0.5%, and its yield is 
0.995. Similarly, the yield of subassembly #1 is 0.995, too. 
Therefore, the actual yield of the end product is about 97%. 
Consequently, the processing requirements of the end item are 
1,000/0.97 = 1,030.532 units for a target of 1,000 conforming 
units, which requires twice this number of units of sub-
assembly #1: a 2,061 and three time units of subassembly #2: 
a3,091.6. When the cleaning takes place after level 1, the 
actual yield of the end item is 99.5%, but the actual yield of 
subassembly #1 drops to less than 93% and that of 
subassembly #2 is less than 92%. The processing 
requirements of the end item are, hence smaller – just about 
1,005 units, while those of both its direct components, #1 and 
#2 are higher. The processing requirements of subassembly #1 
are about 2,167| 1,005.0252/0.9276 units, while those of 
subassembly #2 are about 1,005.025*3/0.913725 | 3,300 
units. The remaining quantities in both these cases, as well as 
in the other two cases, are calculated according to the same 
rule – when the direct components of an (sub)assembly are 
cleaned, their defect rates are set to 0 in the application of Eq. 
(1) to that (sub)assembly, otherwise the calculated rates are 
used.  
Since products are usually larger than the example of 
Figure 1, this type of inconsistency is expected to appear more 
than once. This complicates process design with regard to the 
distribution of the QA activities. Further complications arise 
in manufacturing system which manufacture multi product 
because the QA efforts are distributed between work stations.    
Some encouragement, however, emerges from the 
comparison of both tables. The results of the last three cases 
of Table 2 are not too far from the ideal perfect cleaning of 
Table 1.  
4. Summary and conclusions 
In this work the effects of the existence of defective items 
on assemblies are studied.  With simple methods and tools, 
the mutual effects among defective assemblies' components 
and some of their devastating repercussions are exposed. The 
first conclusion of this study is the price of having many 
components in terms of quality. Even if the defect rate of each 
component is very small, as are the rates of defects due to 
random causes, these rates accumulate rapidly in a distractive 
manner. This can explain the disappointing results of the 
industry as reflected in e.g. [10]. 
While QA can be of much help, very effective QA tools 
and methods are require in order to materialize this potential. 
First, 100% inspection of all units is mandatory when items 
are inspected and, second, very sensitive tests, in statistical 
terms, are required in order to reduce the defect rates as close 
to 0 as possible. Only when the defect rates of all assembly's 
components completely vanish – 0, the mutual dependencies 
among them are broken. 
The good news is that the QA efforts can be partial with 
regard to component types – not all types need be inspected, 
as can be concluded from the comparison of Table 2 with 
Table 1. Thus, the distribution of QA activities is a foremost 
issue in process design and the design of the production 
system. The use of the product structures with the actual yield 
rates – Eq. (1) facilitate coping with these challenges.      
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